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Abstract
Flow characteristics in a model of a stationary two-pass internal
coolant passage were measured with the stereoscopic PIV technique.
From the PIV measurements, the 3D mean velocity field and
turbulence quantities of the flow were obtained simultaneously with
high spatial resolution, which allowed for an understanding of the
flow phenomena in the coolant passage.
The model of the coolant passage consists of two square legs, each
having a length of 19 hydraulic diameters that are connected by a
sharp 180deg bend with a rectangular outer wall. In the two legs,
45deg ribs are mounted in a staggered arrangement on the bottom and
top wall, with rib heights equal to 0.1 hydraulic diameter, and rib
spacing of 10 rib heights. The measurements were carried out for a
Reynolds number of 45,700 with air as working medium.
The paper presents results of the flow development in the straight legs
of the passage and in the bend. The oblique ribs in the straight legs
contribute to the development of secondary flows that transport fluid
from the leg center towards the walls. In the bend of the passage, the
interaction between rib-induced and bend-induced secondary flows
leads to a three-dimensional flow. Downstream of the bend, the ribs
quickly dominate the flow and thus lead to a fast recovery of the flow
from the bend effect.
Nomenclature
x Cartesian coordinate in axial duct direction
y Cartesian coordinate in cross duct direction
z Cartesian coordinate in vertical duct direction
F Cylindrical coordinate in streamwise direction
r Cylindrical coordinate in radial direction
U Mean velocity component in axial (x) direction
V Mean velocity component in cross duct (y) direction
W Mean velocity component in vertical (z) direction
Uf Mean velocity component in streamwise direction in bend
Ur Mean velocity component in radial direction in bend
u’ Fluctuating velocity component in axial (x) direction
v’ Fluctuating velocity component in cross duct (y) direction
w’ Fluctuating velocity component in vertical (z) direction
u’f Fluctuating velocity component in streamwise direction
u’r Fluctuating velocity component in radial direction
Ub Bulk mean-velocity
D Height and width of passage legs, D = 100 mm
Dh Hydraulic diameter Dh  = D
B Thickness of divider plate
S Section length in bend at 90deg section, S/Dh = 1.05
a Section angle in bend
k Turbulent kinetic energy
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Introduction
Advanced gas turbines are designed to operate with high efficiency to
decrease fuel consumption. The efficiency of the gas turbine process
cycle rises with higher turbine pressure ratios and more importantly
with higher turbine inlet temperatures. The maximum turbine inlet
temperature, however, is limited by the availability of blade material
that can withstand such high temperatures and stresses. Effective
cooling must therefore be applied to the turbine components that are
exposed to the hot stream. A combination of internal and external
cooling methods is typically employed to lower the blade temperature
to allowable values.
For the internal cooling of the blades, the coolant passes through a
multipass passage from hub to tip and is ejected at the trailing edge or
the blade tip. The straight sections of these coolant passages are
connected by 180deg bends. To enhance heat transfer, the walls are
roughened by ribs or pin fins that lead to complicated heat transfer
and flow patterns.
For the design of gas turbine blades, a detailed model of the physical
phenomena in these passages is necessary. Although CFD simulations
can provide an understanding of the phenomena in the passages, the
numerical heat transfer predictions are not yet sufficiently accurate for
2design purposes. This is especially true for the complicated heat
transfer patterns in the bend region of stationary or rotating coolant
passages with rib roughened walls. To improve the performance of the
CFD codes, a validation of the predictions is necessary. Detailed
measurements of the surface heat transfer and flow structure are
required for comparison with results from simulations using various
wall and turbulence models and algorithms.
Laser Doppler Velocimeter (LDV) measurements to define the flow
characteristics and to provide data for CFD evaluation in rotating and
stationary two-pass passages have been conducted by Cheah et al.
(1994) and Iacovides et al. (1996). Rau et al. (1996) studied the effect
of periodic ribs on the local aerodynamic and heat transfer
performance of a straight cooling channel with ribs mounted at an
angle of 90deg to the main flow direction. Liou and Chen (1997)
performed LDV measurements of the developing flow through a
smooth duct with a 180deg straight-corner turn. Tse and Steuber
(1997) reported 3D LDV measurements in a rotating square
serpentine coolant passage with skewed ribs. Liou et al. (1998)
studied the effect of different divider thicknesses on the flow in a
stationary two-pass passage.
This paper is the third in a series of papers that report PIV
investigations of the flow characteristics in models of internal coolant
passages. The first paper (Schabacker et al. -1998) presented results in
a two-pass passage with smooth sidewalls. The second paper
(Schabacker et al. -1999) presented results that were obtained in the
same passage with a 90deg, staggered-rib arrangement. For the
present paper, a 45deg staggered-rib arrangement was mounted in the
passage. The paper presents the results of the PIV measurements for
this configuration that provide a comprehensive picture of flow
development in the passage. Comparisons with the flow in the passage
with 90deg-rib arrangement and the passage with smooth sidewalls
are made to describe the effects of the 45deg ribs on the flow
development.
The objectives of the paper are:
· To demonstrate that the stereoscopic PIV method can provide
velocity data with a high spatial resolution that can be used for
the validation of CFD simulations.
· To present the measured flow characteristics of a two-pass
coolant passage with a 45deg-rib arrangement that is relevant to
gas turbine airfoil cooling design
Experimental Setup
 The PIV system
A Quantel TwinsB Nd-Yag double oscillator pulsed laser provides
light pulses with a maxi um energy of 320 mJ at a wavelength of 532
nm. The time delay between a pair of pulses can be adjusted from 1µs
to 1s with pulse duration of 5ns. A plano-concave lens combined with
two plano-cylindrical lenses transform the beam into a light sheet with
a thickness of approximately 1 mm. The complete system including
laser, light sheet optics and camera is mounted on a traversing system
that allows for an easy traverse to the position of interest.
A good selection of papers on PIV can be found in Grant (1994). The
reader is referred to Grant (1994) for a more detailed discussion of the
requirements for the setup of PIV experiments.
For the presented study, the measurements were carried out with a
stereoscopic digital PIV system. For the PIV experiments, 1-3 µm oil
droplets generated by a Polytec L2F-A-1000 Aerosol Generat r are
injected upstream of the setling chamber to guarantee a homogeneous
seeding density in the test section. The PIV images are recorded on
two independent Kodak ES1.0 cameras with an image resolution of 1k
by 1k pixels. The cameras are used in a special double exposure frame
triggering mode, which allows the capture of two images separated by
 delay ranging from 2 s to 66 ms. Nikkor 55mm micro lenses are
mounted on the cameras. For a typical recording situation, the
cameras are placed with an oblique angle of 5deg at a distance of
0.7m from the light sheet plane. Between 200 and 1000 images are
taken in each measurement position. Subsequently, the PIV images
from b th cameras are analyzed independently with a 64 by 64 pixels
interrogation window size and 50 percent overlap between the
windows, resulting in 30 by 30 vector fields of the instantaneous
velocity. For this task, the commercial PIV software VISIFLOW from
AEA Technology is employed. In a further step, the three-dimensional
instantaneous velocity field in the measurement plane is reconstructed
by means of self-developed software that correlates the two views and
takes a calibration allocation into account. For the validation of CFD
simulations, the three mean velocity components are calculated from
the ensemble average of the measured instantaneous velocities in
i entical spatial windows of the image. Subsequently, the fluctuating
velocity components are obtained from the difference between the
mean velocities and the instantaneous velocities at the respective
positio  in the flow field. The statistical distribution of the fluctuating
velocities leads to the turbulent shear stresses and normal stresses of
the flow. Note that the data acquisition rate for the PIV samples is
five Hz and therefore far below the time scale of the flow.
Test Section
The test section, shown in Figure 1a, consists of two straight legs
having a cross section of 100x100 mm2 with a corresponding
hydraulic diameter of Dh= 100 mm and a length of 19 Dh. The outer
walls are made of 5-mm thick float glass to obtain good optical
properties for the PIV experiment. In the bend, the clearance between
the tip of the divider plate and the outer wall is equal to 1.05 Dh. The
thickness of the divider plate is 0.1 Dh.
z, W, w’
x, U, u’
F, UF, u’F
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Figure 1 Test section with 45deg-rib arrangement (a), detail of the
bend region with locations of the ribs and definition of the Cartesian
coordinate system (b), and definition of the cylindrical coordinate
system in the bend (c)
Square ribs with an angle of attack of 45deg, rib heights equal to 0.1
hydraulic diameters (e/Dh = 0.1), and rib spacing of 10 rib heights
(p/e=10) are mounted in a staggered arrangement on the top and
bottom wall of the passage. The ribs in the bend region and the
dimensions of the bend are shown in Figure 1b. Altogether 14 rib
modules are mounted in both the upstream and downstream legs of
the passage.
3Two coordinate systems are used for the definition of the flow
variables, a Cartesian and a cylindrical system. For both coordinate
systems, the origin is set on the bottom wall at the bend entrance/exit
plane. The Cartesian (x,y,z) system is used for the flow in the
upstream and downstream leg of the passage. As shown in Figure 1b,
x, U, u’ are defined as positive in the streamwise direction of the flow
downstream of the bend exit, y, V, v’ are defined positive vertically
upwards in the horizontal test section orientation, and z, W, w’ are
defined as shown.
A cylindrical (F,r,y) coordinate system (Figure 1c) is used for the
description of the flow in the bend region. The radial components r,
UR’, uR’ are defined as positive in the direction towards the inner wall,
the streamwise components F, UF’, uF’ are defined as positive
following the flow along the circular path centered on the center of the
bend, and y, V, v’ are defined as for the Cartesian system.
Measurement planes and flow condition
Figure 2a illustrates the measurement planes for the investigation of
the flow structure in the test section and Figure 2b defines the
terminology for the discussion of the results. Within the bend, PIV
measurements were carried out in cross section planes perpendicular
to the main flow direction and in the centerplane. In the straight legs
of the passage, measurements were carried out in the mid-plane and
on a grid of measurement planes in order to study the 3D behavior of
the flow.
Detailed measurements of the flow structure in the passage have been
obtained upstream and downstream of the 180deg bend and in the
bend. The measurements were performed with air at a flow Reynolds
number of 45,700, based on the flow velocity at the entrance of the
test section, the hydraulic diameter of 0.1 m and an air temperature of
20 C.
45deg
Measurement Plane
135deg Measurement Plane
Centerplane
Horizontal Measurement Planes
Vertical Measurement Planes
a)
Centerplane y/Dh=0.5
Circum ferential M id-Plane R/Dh=0.55
M id-Plane of downstream leg
z/Dh=-0.55
Flow Direction
b)
X
Y
Z
Figure 2 Combination of measurement planes (a-upper panel) and
terminology for the discussion of the results (b-lower panel)
Measurement uncertainty and Measurement volume
To quantify the measurement uncertainty of the stereoscopic PIV
system, an experimental study has been conducted with 100 – 500
samples ensemble averaged on each measurement plane. From these
measurements, the 95percent confidence intervals for the mean-
velocity field were determined to be between 0.025 Ub and 0.1 Ub
depending on the flow turbulence. The 95percent uncertainty intervals
for the fluctuating velocity components and Reynolds shear stresses
were determined to be less than 0.05Ub and 0.01Ub
2, respectively.
The measurement volume of the PIV measurement is determined by
the im ge magnification and the interrogation procedure during the
analysis of the PIV recordings. For the present paper each velocity
vector represents the flow in a volume of approximately 6x6x1 mm3
(Dh= 100 mm).
Results and Discussion
In the f llowing sections, the results of the PIV measurements are
presented. Due to the space limitation of this paper only a brief
presentation and discussion of the results can be given here. For more
information, the reader is referred to Schabacker (1998b).
Flow in the upstream leg
The development of the velocity components in the upstream leg of
the coolant passage was presented by Bonhoff et al. (1998) and will
therefore not be shown in this paper. However, for reasons of
completeness, a short discussion of the flow development in the
upstream leg should be included in this paper.
The measurements in the upstream leg revealed that the flow with
45deg rib arrangement differs from the flow in a similar passage with
a 90deg rib arrangement (Schabacker et al. 1999), where a fully
developed flow condition in terms of mean velocity and turbulent
kinetic energy was achieved after 3 and 10 rib modules, respectively.
The flow in the passage with 45deg-rib arrangement requires a longer
development length. At least eight rib modules are needed to achieve
a developed flow condition for the mean velocity components. The
turbulent kinetic energy of the flow is developed after approximately
12 rib modules.
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Figure 3 Passage with 45deg-rib arrangement: Secondary flow field
in the upstream leg (y-z plane) at 8.5 hydraulic diameters distance
from the entrance of the ribbed section
The ribs cause the development of a rib-induced secondary flow
motion, consisting of two counter rotating vortices that transport fluid
from the center of the leg towards the divider wall and back along the
ribbed walls as shown in Figure 3. The contour map of the axial
velocity (x-axis) component in Figure 4 shows that the skewed ribs
cause the velocity profile to change from the uniform inlet profile at
the entrance of the ribbed section to two regions of high velocity
reaching U/Ub = -1.25 that enter the bend region.
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Figure 4 Passage with 45deg-rib arrangement: Contour map of the
axial velocity component in the upstream leg (y-z plane) at 8.5
hydraulic diameters distance from the entrance of the ribbed section
Flow in the bend region
The previously discussed rib-induced secondary flow causes the
strong transport of fluid in the centerplane towards the divider plate
upstream of the bend entrance as can be seen in the vector map of the
flow in Figure 5. The contour map of the streamwise velocity
component, shown in F gure 7a, reveals the streamwise flow
acceleration at the inner wall in the bend entrance that is caused by the
strong curvature of the bend. Consequently, flow deceleration occurs
near the outer wall. To allow for a comparison with the passage with
90deg-rib arrangement, the vector map of the flow in the bend region
of this configuration is shown Figure 6. Note that unlike the flow in
the similar passage with smooth sidewalls (Schabacker et al. 1998)
and the flow in the passage with 90deg rib arrangement, no zone of
recirculating flow is established in the upstream corner of the passage
with 45deg rib arrangement. This is attributed to the rib-induced
secondary flow in the upstream leg that causes the development of
two regions of enhanced velocity (Figure 4). Consequently, the kinetic
energy of the flow near the outer wall is increased and flow separation
in the upstream corner is prevented.
y/Dh=0.5
Figure 5 Passage with 45deg rib arrangement: Vector map of the
flow in the centerplane (y/Dh=0.5) of the bend region in the passage
with 45deg rib arrangement
With further downstream flow development, the bend curvature
contributes to the development of a weak radial velocity component in
the bend that transport fluid from the inner wall towards the outer wall
as indicated by the negative levels of Ur in Figure 7b.
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Figure 6 Passage with 90deg rib arrangement: Vector map of the
fl w in the centerplane (y/Dh=0.5) of the bend region
Although not shown here, it was found that the radial velocity motion
in the passage with 45deg-rib arrangement is much smaller than in the
passage with smooth sidewalls and the passage with 90deg-rib
arrangement. This is attributed to the effect of the rib-induced
secondary flow in the upstream leg that drives the fluid in the
centerplane towards the divider wall and thus weakens the
development of the curvature-induced radial velocity component in
the bend. In particular, no strong flow impingement occurs at the
outer wall as it was observed for the other passage arrangements.
In the downstream corner of the bend, a zone of low streamwise
velocity is established. The velocity distribution in this region is very
similar to that in the passage with 90deg rib arrangement (Figur  6)
which confirms that the flow condition in the second half of the bend
is strongly determined by the bend curvature. The flow condition at
the bend entrance has therefore minor influence on the flow
characteristics in the second half of the bend, in particular in the
downstream corner.
The radial velocity motion causes the transport of fluid towards the
outer wall as the flow progresses through the bend. This results in a
zone of high velocity at the outer wall downstream of the bend exit. In
this region, the streamwise velocity component reaches peak values as
high as U/Ub = 2. A three-dimensional separation bubble is
established on the divider wall downstream of the bend. In the
centerplane, the flow reattaches at approximately x/Dh = 0.7. Within
the bubble, fluid is transported back into the bend with a maximum
speed of about U/Ub = -0.3. Note that in the passage with smooth
sidewalls, the flow reattached at x/Dh = 1.5, whereas in the passage
with 90deg rib arrangement no recirculation bubble in the centerplane
downstream of the bend was observed (Figure 6). This demonstrates
that the arrangement of the ribs in the downstream leg has a
significant influence on the development of the undesired three-
dimensional separation bubble on the divider wall in the region
directly downstream of the bend exit.
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Figure 7 Passage with 45deg rib arrangement: Contour maps of
streamwise and axial velocity (a) and radial velocity (b) in the
centerplane (y/Dh=0.5)
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Figure 8 Passage with 45deg-rib arrangement Contour maps of
stream-wise and axial turbulence (a) and radial turbulence (b)
The contour maps of the radial and streamwise turbulence intensity
components are shown in Figure 8. The turbulence in the bend region
is anisotropic. In the bend entrance, the streamwise turbulence
intensity component is about 2.5 times higher than the radial
turbulence intensity component. As the flow progresses through the
bend, the streamwise turbulence intensity decreases due to the
streamwise flow acceleration. In contrast, the radial turbulence
intensity component increases strongly in the second bend half. This
increase of the radial turbulence component in conjunction with the
decrease of the streamwise component contributes to a reversal of the
turbulent character yielding a ratio of approximately u’r/u’F = 2 in the
4th quarter of the bend. Regarding the flow in the passage with 90deg-
rib arrangement, it can be stated that the overall values of the
turbulent intensity component in the bend regions of both passages are
approximately similar. Thus, no additional increase of turbulence in
the bend is achieved by the skewed ribs in the straight legs of the
passage.
Downstream of the bend, the turbulence level has increased
significantly. This is attributed to the three-dimensional character of
the flow and the interaction between the bend-induced secondary flow
that enters the downstream leg and the starting effect of the ribs in this
region. In the shear layer between the separation bubble on the divider
wall and the main flow, peak values of the streamwise turbulence
intensity as high as 55 percent of Ub are reached. With increasing
distance from the bend exit, the flow turbulence intensity decreases
and the zone of high turbulence is convected towards the outer wall
which is compatible with the rib-induced secondary flow motion in
the downstream leg discussed in the following section.
y/Dh=01
y/Dh=0.15
Figure 9 Passage with 45deg rib arrangement: Vector map of the
flow in planes close to the bottom wall (y/Dh = 0.1 in bend and
y/Dh = 0.15 downstream of the bend)
The vector map of the flow in planes close to the bottom wall shown
in Figure 9, demonstrates the three-dimensional character of the flow.
A strong fluid motion from the upstream corner towards the bend
center occurs in the y/Dh = 0.1 plane. This fluid motion is attributed to
the curvature induced secondary flow that develops in the bend region
as well as the blockage effect of the last rib on the bottom wall. Note
that no such phenomena occurred in the respective plane of the
passage with 90deg-rib arrangement, shown in Figure 10, where in the
upstream corner a relatively large recirculation zone existed.
Downstream of the bend in the y/Dh = 0.15 plane, the size of the
separation bubble is determined by the rib on the bottom wall that
causes flow reattachment slightly upstream of the leading edge of the
6rib at approximately x/Dh = 0.8. A larger reattachment length occurred
in the passage with 90deg-rib arrangement due to the different
location of the ribs.
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Figure 10 Passage with 90deg rib arrangement: Vector map of the
flow in planes close to the bottom wall (y/Dh = 0.1 in bend and
y/Dh = 0.15 downstream of the bend)
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Figure 11 Passage with 45deg-rib arrangement: Vector map (a) of
the secondary flow and contour map (b) of the streamwise velocity
component
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Figure 12 Passage with 90deg-rib arrangement: Vector map (a) of
the secondary flow and contour map (b) of the streamwise velocity
component
The secondary flow in the passage with 45deg-rib arrangement
(Figure 11a) consists of four vortices. In the same position of the
passage with 90deg-rib arrangement, (Figure 12), a bend-curvature-
induced secondary flow was observed, consisting primarily of two
vortices that were strongly deformed by the staggered rib arrangement
in the upstream leg.
The development of the curvature induced secondary flow in the bend
regions of coolant passages in vanes is caused by the imbalance
between the radial pressure gradient and the centrifugal force that acts
on the fluid. Due to the streamline curvature, a radial pressure
gradient develops across the bend section with a higher pressure near
the outer radius surface. The pressure imbalance acts on the slowly
moving fluid near the sidewalls of the bend and accelerates it along
the sidewalls from the outer to the inner radius wall. Near the
centerplane, the turning of the high momentum fluid produces
centrifugal forces that drive the flow radially outward towards the
outer radius wall. Consequently, a secondary flow field with two
counter-rotating vortices develops in the bends of stationary passages
(Figure 12) for the passage with 90deg-rib arrangement.
The flow in the bend region of the passage with 45deg-rib
arrangement is additionally effected by rib-induced secondary flow
motion that enters the bend. Resulting from the interaction between
the curvature-induced forces and the rib-induced forces, a secondary
flow develops in the 45deg-section plane that consists of four vortices.
Two vortices drive fluid from the bend center towards the inner wall.
These vortices are attributed to the remaining effects of the rib-
induced secondary flow that enters the bend. In the outer radius half,
the curvature induced secondary flow predominates and transports
fluid towards the outer wall.
7The contour map of the streamwise velocity component in the 45deg
section plane shown in Figure 11b reveals the character of the flow in
the upstream corner region. The streamwise velocity component in the
passage with 45deg-rib arrangement is everywhere directed in
downstream direction. This is unlike the flow in the passage with
90deg rib arrangement, where the negative values of the streamwise
velocity in Figure 12b indicate recirculating flow in the upstream
corner region (see also the vector map shown in Figure 6). Near the
bottom wall of the passage with 45deg-rib arrangement, a small
region of flow motion in upstream direction exists due to the rib there.
This is compatible with the vector map of the flow near the bottom
shown in Figure 9. The character of the flow in the upstream corner
contributes to the transport of flow material from the corner towards
the bend center and thus avoids the region of recirculating flow in the
corner that was observed for the passage with 90deg rib arrangement.
As the flow progresses further through the bend, the vortices in the
inner radius half vanish up to the 90deg section plane shown in Figure
13a. This is attributed to the high streamwise velocity near the inner
wall and the resulting centrifugal forces that drive fluid in outwards
direction opposed to the rib-induced secondary flow motion. In the
outer radius half, two asymmetric vortices exist that contribute to flow
impingement on the outer wall near the centerplane and a transport of
fluid back into the bend center along the top and bottom wall. The
asymmetry of the vortices is attributed to the remaining effects of the
staggered rib arrangement in the upstream leg. The contour map of the
streamwise velocity component in Figure13b shows the increase of
flow velocities near the outer wall as previously shown in Figure 7a.
The rather uniform flow speed at the outer wall will likely produce
relatively uniform heat transfer coefficients. Near the inner wall, a
zone of high streamwise velocity indicates that most of the coolant in
the bend region is transported through the inner radius half of the
bend.
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Figure 13 Passage with 45deg rib arrangement Vector map (a) of the
secondary flow and contour map (b) of the streamwise velocity
component, both in the 90deg cross-section plane in the bend viewed
from the upstream side of the bend
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Figure 14 Passage with 45deg rib arrangement: Vector map (a) of
the secondary flow and contour map (b) of the streamwise velocity
component, both in the 135deg cross-section plane in the bend viewed
from the downstream side of the bend
Further downstream, the radial velocity in the inner radius half
increases (Figure 7b) and thus contributes to a strong outwards
transport of fluid that is revealed in the vector map of the flow in the
135deg section plane in Figure 14a.
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Figure 15 Passage with 90deg-rib arrangement: Vector map of the
flow in the 135deg cross-section plane
Note that despite the interaction between rib-induced and bend
secondary flow in the first half of the bend, the vortices near the outer
wall in the 135deg-section plane have an approximately similar shape
to the vortices that occurred in the passage with 90deg-rib
arrangement shown in Figure 15. This means that further control and
improvement of the flow characteristics in the outer wall region
probably requires turning devices or ribs within the bend that directly
effect the flow in this region.
8Flow in the downstream leg
Downstream of the bend exit, the ribs quickly determine the flow
condition. The development of the secondary flow in y-z cross-section
at x/Dh=0.5, 1, 1.6 is shown in Figure 16.
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Figure 16 Passage with 45deg rib arrangement: Secondary flow in
cross-section planes downstream of the bend exit (The figure was
obtained from the interpolation of horizontal and vertical
measurement planes as shown in Figure 2a)
These results were obtained from the combination of horizontal and
vertical measurement planes as shown in Figure 2a. Note that this
combination can introduce errors in the velocity data near the walls
and therefore the vectors in this regions should only be regarded as a
qualitative representation of the flow.
As expected, the flow near the bend exit is three-dimensional. The
interaction between the bend flow and the ribs contributes in the
x/Dh = 0.5 plane to a strong cross-duct (y-axis) velocity component in
the duct center that transports fluid from the bottom wall towards the
top wall. Near the divider wall, cross-duct flow motion occurs in the
opposite direction towards the bottom wall. Further downstream, the
rib-induced secondary flow establishes quickly. The ribs in the
downstream leg cause the development of two counter-rotating
vortices that drive fluid from the duct center towards the outer wall at
x/Dh = 1.6. A secondary flow motion is produced that coincides with
the orientation of the bend-induced secondary flow.
The development of the flow quantities in the mid-plane downstream
of the bend is shown in Figure 17 and Figure 18. The velocity profiles
in these figures were extracted at the mid-position of the rib on the top
wall.
In the duct center, the axial velocity component in Figure17a
decreases between x/Dh = 0.6 and x/Dh = 1.6 from U/Ub = 0.95 to
U/Ub = 0.6. The effect of the bend and the staggered rib arrangement
in this region is revealed in the asymmetric axial velocity profile.
Further downstream, the axial velocity component increases gradually
up to U/Ub = 1 at y/Dh = 0.5 in the last measured position at
x/Dh = 10.6
The cross-duct velocity profile shown in Figure 17b changes rapidly
from x/Dh = 0.6 to x/Dh = 1.6 as the flow enters the ribbed section in
the downstream leg. Similar to the axial velocity component, the fully
developed flow condition is not established up to x/Dh = 10.6. This
also occurs for the vertical velocity component shown in Figure 18a
that increases in the duct center between x/Dh = 0.6 and x/Dh = 6.6
followed by a decrease to W/Ub = -0.3 at x/Dh = 10.6 and thus behaves
differently than the flow in the upstream leg where a fully developed
peak value of W/Ub=0.5 occurred in the 12th rib module.
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Figure 17 Passage with 45deg-rib arrangement: Axial and cross-duct
velocity in mid-section plane downstream of the bend (The profiles
were extracted at the mid-position of the rib on the top wall)
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Figure 18 Passage with 45deg-rib arrangement: Vertical velocity and
turbulent kinetic energy in mid-section plane downstream of the bend
(The profiles were extracted at the mid-position of the rib on the top
wall)
The turbulent kinetic energy of the flow in the downstream leg shown
in Figure 18b decreases strongly from x/Dh = 0.6 to x/Dh = 4.6.
9Further downstream an approximately identical distribution occurs at
x/Dh = 6.6 and x/Dh = 10.6. Although the results of the flow
measurements in the upstream leg (Bonhoff et al. 1998) were not
presented in this paper, the peak value of approximately k/Ub
2 = 0.065
at x/Dh = 10.6 is about 40 percent higher than the corresponding value
in the upstream leg. This indicates that the flow has not yet
completely recovered from the bend effects. This is also supported by
the axial velocity profiles in Figure 17a that change slightly between
x/Dh = 6.6 and x/Dh = 10.6.
In the passage with 90deg-rib arrangement, fully developed flow was
not achieved at a distance of about 10 hydraulic diameters from the
bend exit. However, the variation in the flow velocity components
was smaller which indicates that the flow in the 45deg-rib
arrangement requires a longer development length than in the 90deg-
rib arrangement. These effects are compatible with those discussed for
the flow development in the upstream leg.
Summary of Flow Characteristics
A stereoscopic PIV system was employed for the measurement of the
turbulent flow characteristics in a model of gas turbine coolant
passage with 45deg-rib arrangement.
The 45deg ribs cause the development of a rib-induced secondary
flow in the upstream leg that consists of two counter-rotating vortices.
For the given orientation of the ribs, the secondary flow transports
fluid from the center of the upstream leg towards the divider wall and
back along to ribbed wall towards the smooth sidewall of the passage.
Fully developed flow condition in the upstream leg is achieved after
approximately 12 rib modules. Comparison to PIV measurements in a
similar passage with 90deg-rib arrangement showed that the oblique
ribs in the 45deg-rib arrangement require a longer development length
to achieve developed flow condition in the upstream leg than the
90deg ribs.
In the bend, the interaction between the rib-induced secondary flow
and the bend induced secondary flow yields a complicated secondary
flow pattern in the 45deg-section plane that consists of four vortices.
Two vortices near the inner wall drive fluid from the bend center
towards the inner radius. These vortices are attributed to the
remaining effect of the rib-induced secondary flow. Near the outer
wall, two vortices are established that drive fluid towards the outer
wall. These vortices are attributed to the curvature-induced forces that
act on the flow and contribute to the development of a bend-induced
secondary flow. A comparison to the flow in the passage with the
90deg-rib arrangement and a passage with smooth sidewalls showed
that the 45deg ribs prevented the development of zones of
recirculating flow that occurred for these passages in the upstream
outer corner of the bend. The orientation of the 45deg ribs weakens
the development of the curvature induced secondary flow that occurs
in the bend regions of coolant passages and therefore causes a rather
smooth flow impingement on the outer wall.
Downstream of the bend, the ribs quickly determine the flow
characteristics. A rib-induced secondary flow motion occurred at a
distance of approximately 1.6 hydraulic diameters from the bend exit.
The rib-induced secondary flow coincidences with the bend-induced
secondary flow. However, no evidence was found that the bend-
induced secondary flow strengthens the development of the rib-
induces secondary flow. Further from the bend exit, the flow recovers
from the bend effects yielding a velocity distribution that is
approximately identical to the distribution in the upstream leg.
However, the turbulent kinetic energy of the flow indicates that the
fully developed flow condition was not reached at a distance of 10
hydraulic diameters from the bend exit.
One objective of the presented paper was to show that detailed flow
results, obtained with the stereoscopic PIV technique, increase the
understanding of the complex three-dimensional flows in an internal
coolant passage. Results were also provided that can be used for the
validation of CFD simulations and turbulent transport models. Further
studies at EPFL will document the heat transfer characteristics for this
configuration and thus provide additional detailed measurements
required to better understand complex convective heat transfer
henomena in gas turbine coolant passages.
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